. In contrast to 1, which has fourfold roto-inversion symmetry, 6 is a mixture of homochiral clusters with threefold rotation symmetry, thus showing countercation dependence of the isomeric form in the racemic species. In compounds 3-6, multiple bonding of the alkali metal ions to the uranyl oxo groups located inside the cage probably contribute to the cluster stability.
INTRODUCTION
Polynuclear uranyl-containing closed species, whether they be tubules, [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] cages 9, [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] or simply large rings, 14, 22, 23 are appealing not only for esthetic reasons, but also because they go against the general propensity of the uranyl cation to generate quasi-planar assemblies, as most often observed in uranyl-organic coordination polymers. [24] [25] [26] To ensure closure around a central cavity, the equatorial ligands on the uranyl centres have to provide the required curvature, and this can be achieved with a variety of anions, from the simplest such as peroxides 12, [17] [18] [19] [20] [21] to more complicated ones such as polytopic organic ligands. Among the latter, carboxylates are, together with phosphonates, the most commonly used, and closed species have been obtained from mono-, 23 di-, 7,8,12,13,15 tri-, 9,10,11,14 tetra-, 16, 22 and pentacarboxylates. 16 The size of the formed species, and consequently of the encompassed cavity, varies widely, from very large in nanospheres [16] [17] [18] [19] [20] [21] down to that of species whose inner spaces are insufficient for any practical use involving encapsulation of guest molecules or ions, but which are nevertheless of interest for the insight they provide about the geometric features allowing formation of closed motifs. 9, 11 During an investigation of complexes formed by uranyl ions with racemic or (1R,2R) enantiopure trans-1,2-cyclohexanedicarboxylic acid (H2chdc and R-H2chdc, respectively), we have recently found that, in the presence of Na (in which (R-)chdc 2-denotes either of the two forms, racemic or enantiopure, of the dianionic ligand) are readily formed, which are assembled into three-dimensional (3D) frameworks by bridging counterions. 27 Although such simple cage-like small clusters are rare in the chemistry of the linear uranyl ion, they are more common with the spherical uranium(IV) ions, for which 4-oxo-centered tetrahedra are known, 28, 29 as well as cubane geometries. 28 Tetrahedral clusters M4L6
where M is a main group or transition metal ion have been widely investigated [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] as cages capable 3 of selective guest incorporation and selective reaction catalysis, and the principles governing their formation have been clearly enunciated. 31, 37 The stereochemistry of such systems is very dependent upon the chirality of the metal ion centres, 31, 32, 35, [41] [42] [43] [44] 
, with the expectation that changes in cation size and electronegativity would lead to modifications of the association mode between the anionic cage and the counterions, or even to the formation of different uranyl-containing motifs. We have thus obtained a series of seven compounds which ultimately all contain the tetrahedral uranyl motif, but with different arrangements of the counterions leading in some cases to complete or incomplete cuboidal heterometallic arrangements; the complex formed in the presence of the non-metallic NH4 + cation, which is bound through multiple hydrogen bonding interactions, is also reported.
EXPERIMENTAL SECTION

Syntheses. Caution! Uranium is a radioactive and chemically toxic element, and uraniumcontaining samples must be handled with suitable care and protection.
UO2(NO3)2·6H2O (depleted uranium, R. P. Normapur, 99%), KNO3 and Ba(NO3)2 were purchased from Prolabo, CsNO3 was from Acros, RbNO3 from Aldrich, and rac-trans-1,2-cyclohexanedicarboxylic acid (H2chdc) was from Lancaster. Elemental analyses were performed by MEDAC Ltd. at Chobham, UK. The (1R,2R) enantiomer of H2chdc, denoted R-H2chdc, was 4 isolated through crystallization with (R)-1-phenylethylamine as a resolving agent, as in the literature, 45 although both the (1R,2R) and (1S,2S) enantiomers are also available commercially.
[ were placed in a 10 mL tightly closed glass vessel and heated at 150 °C under autogenous pressure, giving light yellow crystals of compound 8 in low yield within two months.
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Crystallography. The data were collected at 150(2) K on a Nonius Kappa-CCD area detector diffractometer 46 using graphite-monochromated Mo K radiation ( = 0.71073 Å). The crystals were introduced into glass capillaries with a protective coating of Paratone-N oil (Hampton Research). The unit cell parameters were determined from ten frames, then refined on all data. The data (combinations of -and -scans with a minimum redundancy of at least 4 for 90% of the reflections) were processed with HKL2000. 47 Absorption effects were corrected empirically with the program SCALEPACK. 47 The structures were solved by direct methods with SHELXS 48 or by intrinsic phasing with SHELXT, 49 expanded by subsequent difference Fourier synthesis and refined by full-matrix least-squares on F 2 with SHELXL-2014. 50 All non-hydrogen atoms were refined with anisotropic displacement parameters, with restraints being applied for some badly resolved parts, particularly the ammonium counterions in 3, or solvent molecules. Two-and threecomponent twinning in 1 and 8, respectively, was detected with TwinRotMat (PLATON 51 ) and was taken into account in the refinement. In compound 3, one of the H2NMe2 + cations was given an occupancy factor of 0.5 for charge equilibrium and also to retain acceptable displacement parameters. Some coordinated or free water molecules in compounds 2-4, 6 and 7, as well as NMP molecules in 4, were given half-occupancy in order to retain acceptable displacement parameters and/or to account for too close contacts with their image by symmetry (some of them being further disordered in 4 and 6). The hydrogen atoms bound to oxygen or nitrogen atoms were retrieved from difference Fourier maps when possible, but none was found for compounds 2, 4 and 5; the carbon-bound hydrogen atoms were introduced at calculated positions. All hydrogen atoms were treated as riding atoms with an isotropic displacement parameter equal to 1.2 times that of the parent atom (1.5 for CH3, with optimized geometry). Crystal data and structure refinement parameters are given in Table 1 . The molecular plots were drawn with ORTEP-3 52 and the polyhedral representations with VESTA.
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Luminescence Measurements. Emission spectra were recorded on solid samples using a Horiba-Jobin-Yvon Fluorolog spectrofluorometer. The powdered compound was pressed between two silica plates which were mounted such that the faces were oriented vertically and at 45° to the incident excitation radiation. An excitation wavelength of 420 nm, a commonly used point although only part of a broad manifold, was used in all cases and the emission was monitored between 450
and 650 nm.
RESULTS AND DISCUSSION
Synthesis. 55 The rate of these solvent hydrolysis reactions may be a factor limiting the yields of the compounds in these cases. The organic cosolvent is retained as a coligand in complex 4 only, but its importance, even in cases in which it is absent in the final compound, is well illustrated by complex 7: when the same experiment is performed in pure water, the previously reported complex [UO2(R-chdc)] (9), which crystallizes as a two-dimensional assembly, 27 is obtained instead. The solvent effect is also notable for the three rubidium-containing species 3-5 since one rubidium cation is replaced by the solvent-generated H2NMe2 + cation in 3, 8 and a coordinated NMP molecule is present in 4, the complex with the simplest formula, 5, being obtained with methanol as cosolvent. As previously noticed, the chirality of the ligand appears to have little effect on the ease of formation of the tetranuclear cluster, although this is not true in relation to the exact symmetry of the cluster or more generally of the reaction of (R-)chdc 2-with uranyl ions, 27 but it is notable that most complexes in the present series contain the enantiopure R- forming a 3D hydrogen bond network. The 3D nature of this assembly is presumably a factor favouring the incorporation of ammonium ion in the crystal rather than the planar guanidinium ion also present in the reaction mixture. Ammonium ion is sometimes designated as a "pseudo-metal ion" having properties similar to potassium ion 56 and although the actual nature of the interactions is different, the triple hydrogen bonding interactions of ammonium with the uranyl cluster are dimensionally very similar to the bonds with K I (see below). Since four uranyl oxo groups which could possibly act as hydrogen bond acceptors are directed toward the centre of the cage, inclusion of a fourfold hydrogen bond donor (such as NH4 + ) would in principle be possible, but it is precluded by the too small cavity size. 27 The Kitaigorodski packing index (KPI, estimated with PLATON 51 ) is 0.68, a value indicative of a compact arrangement leaving no solvent-accessible free space.
In keeping with the presence of the enantiopure ligand, [(UO2)4K4(R-chdc)6(H2O)6] (2) crystallizes in the tetragonal Sohnke space group I4122, while its Na I counterpart 12 crystallizes in I41, with slightly different unit cell parameters. The asymmetric unit contains one uranyl and one K I cation, and three ligands located on twofold rotation axes ( Figure 2 ). The uranium ion environment is similar to that in 1, with U-O(oxo) bond lengths of 1.758 (13) 56 and, as noted above, the mean NO and K-O distances in 1 and 2 are indeed rather similar.
Three complexes were obtained with rubidium(I) as additional cation, for Rb-O bond lengths reveals a very large and asymmetric distribution ranging from 2.7 to 3.5 Å (excluding a few outliers), so that contacts within this range will be considered here. All three (15) respectively] differ from 90° by 5° at most, instead of 14° in 5. Due to the absence of cesiumbridging water molecules, 6 is a molecular complex, with intermolecular hydrogen bonding involving coordinated water molecules being present (KPI 0.72). While formally a mixed-ligand complex, since it was obtained from the racemic ligand, 6 is unlike 1 and the earlier described , which forms complete cuboids little distorted from the ideal cubic geometry, and favours the formation of homochiral clusters rather than the mixed species obtained from the racemic ligand with NH4 + , Na I and Ag I countercations. Only for alkali ions with the larger radii, and ensuing longer bond lengths, is it possible to build the cuboid motif while retaining the quite rigid geometry of the uranyl tetrahedron. This is in agreement with the observations for other cations, since the ionic radius of Ag I is close to that of Na . Another factor that may have a role is the possibility of oxo bonding to uranyl, the distance of the cuboid apexes to these oxo groups being well-matched to the largest alkali cations.
As already noted, 27 the ligand chirality has little impact on the formation and geometry of these cages, as confirmed here by complexes 6 and 7 in particular, but the crystallographic symmetry of the cage depends on it, with fourfold roto-inversion symmetry being present in the racemic compounds 1 and 11, so that the cage contains both enantiomers of the ligand, while twofold rotation symmetry is present for the enantiopure cages in 2, 7, 8, 12 and 13, threefold rotation symmetry in 5, and no symmetry at all in 3 and 4. However, only a threefold rotation axis is present in the racemic complex 6, so that in this case the cages are homochiral, but half the cages in the lattice contain (R,R) and the other half (S,S) ligands. Species obtained from the racemic ligand can thus display a degree of selectivity in their isomeric composition. The formation of these clusters provides a variation on the principles known for the generation of such species 31 in that the UO8 unit forming the vertices of the cluster is formally achiral while the ligand is chiral and exists in two separable (mirror image) forms. A further distinction from known M4L6 clusters is that the uranyl systems are anionic and therefore are associated with cations, justifying their description as mixed-metal cuboids in several cases. In fact, there are few examples of the formation of tetrahedral M4 clusters involving mixed ligands of any sort and these have arisen in examination of the retention of chirality in the conversion of M4A6 species into M4B6 without the isomeric distribution of intermediate species being of direct interest. 67, 65 In most known M4L6 species, the metal ion centres are in a chiral environment and there is usually selectivity apparent in that all four centres in one cluster have the same chirality. 31, [64] [65] [66] This chiroselectivity within the cluster appears to extend to the ligand in that use of an enantiomerically pure ligand generates a single complex where all metal ion centres are of the same chirality. 41 There are also examples where a chiral but inversion-labile ligand forms complexes where a given cluster has metal ion centres and ligands each of one enantiomeric form 67 (although this aspect of the ligand structure is not explicitly noted in the original publication). In the present series of tetrahedral clusters, complexes 1 and 6 provide evidence for countercation dependence of the isomeric form, 1 being of the achiral M4A3B3 form, and 6 a racemic mixture of the enantiomorphs M4A6 and M4B6.
Luminescence properties. The emission spectra of compounds 1, 3, 6 and 7 in the solid state were recorded at room temperature under excitation at a wavelength of 420 nm, a value suitable for excitation of the uranyl chromophore, 68 and they are shown in Figure 10 ; no sufficient amount of the other compounds in pure form was obtained for emission spectra recording. In all emission spectra, the vibronic progression corresponding to the S11  S00 and S10  S0 ( = 0-4) electronic transitions 69 is well apparent, with four or five peaks being intense and well-resolved.
The positions of the most intense peaks in the spectra of 1, 3, 6 and 7 are nearly identical, with differences that do not exceed 2 nm (484, 504, 527 and 551 nm for 6). These values are close to those reported for compounds 10, 11 and 13 (480-482, 501-503, 523-525 and 547-549 nm, the 20 values for 12 being red-shifted by 3 nm), 27 and they are typical of uranyl complexes with three equatorial chelating carboxylate groups, 10, 54, 55, 70 being strongly blue-shifted with respect to the values associated with other environments, although exceptions do occur. 71 The vibronic splitting energies for the S10  S0 transitions average 833 (20) simply envelops a second uranyl ion. 15 The conformational restrictions of the substituted cyclohexane ring in (R-)chdc 2-must therefore play a role.
The eight complexes described herein, together with those formerly reported, show the different association modes of the robust tetrahedral uranyl cage anion, whatever its isomeric form, with different counterions. The species formed range from isolated tetrahedral clusters in the homometallic complex 1 (that shows that additional carboxylate-bound metal ions are unnecessary for the cage formation), to 2D and 3D assemblies in which tetrahedra are bridged by metal counterions, and to incorporation of the latter into heterometallic cuboidal clusters, either isolated or bridged by water molecules to form higher dimensionality assemblies. Apart from the scarcity of such closed cages in uranyl chemistry, the countercation dependence and the variety of the assemblies generated are notable. Metal-organic frameworks incorporating metal clusters as network nodes and their properties have been recently reviewed. 40 The peculiarity of the present complexes, as a particular subgroup of these species, is that the dicarboxylate ligands are part of the cluster motif and do not serve to directly connect different metal clusters through divergent coordination sites, the links being provided instead by countercations and water ligands, with the consequence that no significant porosity can be expected.
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